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Outline

- LHC Higgs search and BSM implications

focus on SU(3) fermion representation with two flavors
- Two RG based strategies

- New results on the Nf=2 sextet model in the SU(3) color rep

- Cosmology connection
(dark baryon matter and EW phase transition)

- Conformal FSS method

- New results on FSS in the Nf=12 model in the fundamental SU(3) rep

- Outlook



Atlas and CMS compared (from Vivek Sharma)
For low Higgs mass hypothesis both CMS & ATLAS see

an excess 1n event yield over expected background
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What comes at the end of the LHC run?
- light Higgs with non-SM couplings (dilaton?)
- Heavy Higgs, or Higgsless
- SM Higgs (SUSY symmetry breaking?)

- USQCD composite Higgs and SUSY - timely efforts
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What comes at the end of the LHC run?

- light Higgs with non-SM couplings (dilaton?)

- Heavy Higgs, or Higgsless
- SM Higgs (SUSY symmetry breaking?)

- USQCD composite Higgs and SUSY -
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timely efforts

- Composite Higgs mechanism

- The paradigm is important again

- Higgsless QCD-like (cutoff A to 3 TeV)
- changes close to conformal windo

- non-perturbative lattice studies needed

- USQCD effort:
d
S=4nNp ngm dQZnV A(Q ) — ASspy



composite Higgs? example: Nf=2 SU(3) sextet rep  TC (ETC) language used

uA i running coupling a“" i near-conformal i Extended Technicolor paradigm:
i | !
: non-conformal QCD-like ! i - reguires walking gauge coupling
| far from conformal window : A= 100-1000 A, ! chiral SBon A,.~TeV scale
I | |
i i : - fermion mass generation from
| | | scale at A, ~100—1000A .
|
| ! ) ) I
! | walking coupling | - can solve problem of flavor changing
| : separates two scales : currents
| |
I |
i i target of USQCD lattice BSM effdrt - composite Higgs mechanism
! S ‘ ! >
A=A q "N At 4 - broken scale invariance (Dilaton) =%
light non-SM composite Higgs
N o ’ particle?
§ Lo s’
original Technicolor paradigm o L . /’ - can atvo_idtconflict with EW precision
replaced with sextet SU(3) color rep: IR constraints
I 1~
i s ® - candidate models require non-
- one massless fermion doublet U ! o perturbative lattice studies
chiral SB I
I - - -
- three Goldstone pions d ! -focus is _on composite Higgs
! mechanism
- become longitudinal -
components of weak bosons 1B
I I
A, ~TeV
- composite Higgs mechanism Chiral symmetry breaking turns
scale of Higgs condensate ~ F=250 GeV conformal FP into walking

- flavor changing currents and fermion

mass generation would be problems important for lattice studies in BSM theory space

- conflicts with EW precision constraints?



Nf (flavor)
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theory space and conformal window

critically important for composite Higgs
space of color, flavor, and massless fermion representation
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months in 3 reps including
new projects just starting
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theory space and conformal window

critically important for composite Higgs
space of color, flavor, and massless fermion representation
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N (CO|OI’) * focus of this talk arXiv:1205.1878 [hep-lat]

New extended data set and analysis
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RT continuum physics (gapless)

g? gauge coupling

RT mass deformed conformal
‘- continuum physics

m (fermion mass)

\4



Lattice navigation map

critical surface
massless fermions (staggered)

g? gauge coupling

RT mass deformed conformal
‘. continuum physics

m (fermion mass)




Lattice navigation map

critical surface
massless fermions (staggered)

SU(2)?(SU(2)

The Wild West ?

g? gauge coupling

‘. RT mass deformed conformal

continuum physics
m (fermion mass)




status of SU(3) Nf=2 sextet model
minimal composite Higgs model?

our group: mass-deformed theory close to m=0 critical surface and m->0 limit:
- two strategies complement: (1) inf volume conform scaling
(2) mass-deformed FSS
(1) is used in sextet model

- direct access to effective anomalous dimension

- similar to tests of RG scaling laws of moments of current correlator functions
(in progress)



Mn(L) sextet rep with finite volume fit (m=0.003)

0.17
0.16¢ Mn(L)=Mn+CM g1(Mn L) B 32
c,,(1-loop) = Mi/64n2 Fi
0.15¢
= M = 0.1350 = 0.0012
E T
0.14+
c,= 0.0699 = 0.014 S
0.13F  .2/dof=0.86
fitted volumes: 24°x 48, 32°x 64, 48%x 96
0.1 | * * * *
%0 25 30 35 40 45 50
L

mass-deformed theory
close to m=0 critical surface

inf volume extrapolated chiral and

conform scaling tests in sextet model

for L-Mm > 5 one percent level reached

F

W(L) sextet rep with finite volume fit (m=0.003)

0.05 ‘
F(L)=F +c.g,(M_L) B=3.2
0.045 c.(1-loop) = ~-M?/16x° F2
0.04| F = 0.03727 = 0.00018
R o
|
= 0.035/
c.= -0.0237 + 0.0034
0.03r M_=0.135
2/dof= 0.44
0.025 x/dof=0
fitted volumes: 24°x 48, 32°x 64, 48°x 96
0.02 | | | | |
0 25 30 35 40 45 50
|
(UW) 7 sextet rep with finite volume fit (m=0.003)
0.05
(OW)  p= (B0) (1 — %=L g1 (ML, 7)) 1 - loop
0.045(
(WW)p,r=co+c1-g1(MzL,n) fitted n=T/L
0.041 c,= 0.03238 = 0.00036 B=3.2 -
& C1= —-0.0103 + 0.0029
2 0.035¢
|\>9+/ = M—
0.03r
v?/dof= 3.8
0.025¢+
M_=0.135
0.02F fitted volumes: 24°x 48, 32°x 64, 48%x 96
20 25 30 35 40 45 50

L



0.12

0.1

0.08

S 0.061

0.04

0.02

Nf=2 SU(3) sextet chiral condensate

(W) Nf=2 sextet [ =3.2
(W) =cog+c1-m+c3-m? ,
| ¢ = 0.013=0.002 e =32
c,= 6.52+0.53 7
c.= 5.97e+03 = 4.64e+03 2
3 2
) .-~ 48%< 96 and 32°x 64 -
x°/dof= 3.82 o’
0 O.OIOS 0.I01 0.015

0.04

0.035-

0.01f

0.005 -

(UV) subtracted N;= 2 sextet § = 3.2

L /
c.= 0.013 = 0.002
0 /
| c,= 6,52 + 0.53

L /
%’/dof= 3.82

i’

/
(OU) = co+,01-m+ c3-m?

/

48%x 96 and 32°x 64 fitted
/

/
03=//5965 + 4.6e+03

/

x2/dof=2.99
cy= 0.01141 = 0.00032

03= 2.2e+04 + 1e+03
(1- deLchonn) (W¥) =co+c3-m?

m range: 0.003 — 0.008

0.005 0.01

- two independent determinations of the chiral condensate

- consistently non-vanishing in chiral limit

- all sextet results are treated as inf volume (only m=0.003 is truly extrapolated)

0.015



0.07

0.06

0.05

0.04

0.03

0.02

0.01

Nf=2 SU(3) sextet chiral fits M, and F,

sextet model Goldstone pion in PCAC channel with quadratic chiral fit

, , L7 B=3.2
i Mn=c1m +C, M f=3.2 7 |
c,= 6.43x0.095 7
c,= —48.2x15 L7
L y?/dof=1.6 -
the Goldstone boson of TC
. AA3 3 3
i inputs from: 247x 48, 32°x 64, 48™x 96 |
24x48 not fitted
m fit range: 0.003 - 0.008 O 32x64 fitted
O inf volume point fitted
0.002 0.004 0.006 0.008 0.01 0.01
m

m=0.003-0.006 range close to chiral log regime?

0.1

0.09

0.08

0.07

0.06

0.05

0.04

0.03

0.02

0.01

sextet model FJt in PCAC channel with linear chiral fit

— - =3.2
. F =F,+c,m p=3.2 B ]
F,= 0.02805 + 0.00052
¢;= 308012 setting the EW scale Fo
2
¥~ /dof= 0.87 .
. . /3 3 3
- inputs from: 24°x 48, 32°x 64, 48°x 96 ]
24x48 not fitted
- m fit range: 0.003 - 0.006 O 32x64 not fitted -
O  32x64 fitted
O inf volume point fitted
0 0.002 0.004 0.006 0.008 0.01
m

Nf=2 helps!

log detection will require even more precise data

0.012



Nf=2 SU(3) sextet chiral fits M, and My

sextet model Rho meson in cRho4 channel with linear chiral fit sextet model MHiggs in scPion channel with linear chiral fit
M, =M _+c,m p=32 | | | | |
rho 0 1 —
M = 0.1892 + 0.0061 p=3.2 Mhiggs = Mo * ¢4 B=3.2
o o= IEveET 1 .l M= 0.1699 £ 0.0077 |
| ° Mu/Fo ~ 6
c.= 247 +0.92 H ~
1 ~ = 22.4 +1.45 . . .
0.5) MrholFo ~ 7 | ° without disconnected diagram

0.4 xZ/dof= 0.48

+?/dof= 0.56

0.4 i
g 3
T 03 -
=
03 i
0.2 i
0.2 i
) ) 3 3 3
ul fitted volumes: 24°x 48, 32°x 64, 48°x 96 | .| plotted volumes: 24°x 48, 32°x 64, 48°x 96 |
24x48 fitted .
m fit range: 0.003 - 0.01 O 32x64 fitted m fit range: 0.003 — 0.008 o aoveafied
O 48x96 fitted x64 fitted
0 | | | | I 0 48x96 not fitted
0 | | | | |
0 0.002 0.004 0'?:]6 0.008 0.01 0.01 0 0.002 0.004 0.006 0.008 0.01 0.012
m

m=0.003-0.006 range close to chiral log regime? Nf=2 helps!
log detection will require even more precise data



0.3

0.25

0.2

0.15

0.1

0.05

conformal hypothesis breaks down in global fits:

sextet model Goldstone pion in PCAC channel with conformal fit

conformal fit

B=3.2

c = 2.21+0.09
m

large anomalous dimension!

y= 1.091 = 0.034

v?/dof= 2.04

inputs from: 24°x 48, 32°x 64, 48°x 96

. 24x48 not fitted
m fit range: 0.003 — 0.008 O 3964 fitted
Mrho/F ~7 O inf volume point fitted
| | | | |
0 0.002 0.004 0.006 0.008 0.01

LHC peakishown earlier

inconsistent large critical exponents Y

0.012

0.1 T T T T T
_ 1/1+y
0.091 Fn =Cm M B=3 2
c_= 0.237 = 0.024 '
0.08} m _ _ -
y= 213 +0.18 |r!conS|_stent and large anomalous
0.07 dimension! .
0.06 - X2/dof= 2.04 ]
0.05 _
0.04 _
0.03 _
0.02 _
0.01 m fit range: 0.003 — 0.006 24x48 not fitted -
O 32x64 not fitted
O  32x64 fitted
00 0.002 0.004 0.006 0.008 0.01
m

sextet model Fn in PCAC channel with conformal fit

0.012



M - fitting function

T

conformal hypothesis breaks down in global fits:

global conformal sextet fit to Mn and Fn (Mn fit residuals) sextet conformal fit: FJT residuals
001 T T T T T T T 001 T T
.y PR 1/1+y - . 1/1+y
0.008 | fitting function: ¢_m 1 0.008 - fitting function: ¢, m |
c=15+£0.35 c,= 0.38 + 0.09
0.006 |- T . 0.006 |- -
v=1.47 + 0.26 v=1.47 £ 0.26
0.004 - CI) - 0.004 - .
5 C
~“/dof= 31.12 2
0.002 4 © 0.002f .
c
i - ’
0 g’ 0 S
2 $ = ‘D
-0.002 ¥~ sum= 155.6 s Il:3 -0.002 - -
T
-0.004 > M )= 76.5 . -0.004 .
X sum (M, )=76. %2 sum (F )= 79.07
~0.006 |- % . -0.006 |- .
2 —
-0.008 - . -0.008 - X fdot=31.12 s
m fit range: 0.003 - 0.006 m fit range: 0.003 — 0.006
-0.01 . L L L ! I I -0.01 L !
0 1 2 3 4 5 6 7 8 0 0.005 0.01 0.015
m x 107 m

large and inconsistent critical exponents Y

are we close enough to the critical surface?



working on baryon spectrum
dark matter candidate

e lightest technibaryon can be
stable by analog of U(1)s

e an initial matter/anti-matter asymmetry gets shared
among baryons, leptons, technibaryons via

Sphalerons (Chivukula, Barr, Fahri, Nussinov)
e can get observed Qpm/ Qg easily for ~ TeV scale DM

must be electrically neutral, EW singlets to avoid direct detection
Then leading operators are charge radius and polarizability:

ex) B*Bv,0,F" B*BF,, FI lattice input?
Ao 7 Mg

s from Adam Martin



EW phase transition in sextet Higgs model - early universe

sextet model (Kogut-Sinclair)

potential implications in early cosmology

3 . 3 .
167 x8 lattice 24" x12 lattice
40 i ]
| m=0.0025 — ¢ | 25 % —
- m=0.005 — X % - g % -
o[ m=0.01 — O % B 203 :
_ N — finite temperature ]
- m=0.02 ¥ i [ EW phase transition? i
_ P, — l
| finite temperature ] 15 — X XX% 3 _]
2 | EW phase transition? . = - -
A 0 .
i X ] 10 - OB ]
X - D o mmnp ]
10 X g O > x — : o
: X0 L [ m=0.0025 — ¢ . _
2= """ %g ' : ~0.005 — X x
2 FE== * 5 1 =4, ®
% & % o m=0.01 — O + %
O | | | | | | | | | | T | * * % O | | | | | | | | | | | | | | | | | | | | | .¢- |
6.0 6.5 7.0 6.4 6.6 6.8 7.0 7.2
g g



Nf=2 SU(3) sextet rep summary:



- No inconsistency with ¥SB in Nf=2 SU(3) sextet model
- We find inconsistency with conformal symmetry in all tests
- The effective anomalous dimension is inconsistent and large vy is in 1-2 range

- Kogut and Sinclair: looking for finite temperature »SB phase transition



- No inconsistency with ¥SB in Nf=2 SU(3) sextet model
- We find inconsistency with conformal symmetry in all tests
- The effective anomalous dimension is inconsistent and large vy is in 1-2 range

- Kogut and Sinclair: looking for finite temperature »SB phase transition

- DeGrand et al. find: Nf=2 sextet beta function might have an IRFP zero?
- uninteresting model with small anomalous dimension ?
Y < 0.45 controversy is not resolved

I [
\
- [ thin links 4->8 . C 0 Be=0
G i | (D‘*G’a""’ stat) o n-os
0041~ | fat links 8->16 o L N N R one loop
- 2 loops | —— two loops
\ IRFP re-appearing?
002 - - \ PP g
IRFP dls%> earlng? 0 \
~ | . = | _
E‘ . l = \\ % %
Q 0 I:I I% l - \\\\ % % % |
002 \\\EI] % '% % % ]li% - T T “—%——___
_________ + OO T
-0.04 — {( —] | | | | | | | | | | !

u=1/g" 4",6", or 8



- No inconsistency with ¥SB in Nf=2 SU(3) sextet model
- We find inconsistency with conformal symmetry in all tests
- The effective anomalous dimension is inconsistent and large v is in 1-2 range

- Kogut and Sinclair: looking for finite temperature »§B phase transition

- DeGrand et al. find: Nf=2 sextet beta function might have an IRFP zero?
- uninteresting model with small anomalous dimension ?
Y < 0.45 controversy is not resolved

- We expect: the Nf=2 sextet model with SU(3) color is an interesting
candidate for the composite Higgs mechanism

- But viability requires confirmation, studies of the running coupling, the
S-parameter, and composite Higgs physics



status of SU(3) Nf=12 fundamental rep

our group: mass-deformed theory close to m=0 critical surface and m->0 limit:
- two strategies complement: (1) inf volume conform scaling
(2) mass-deformed FSS
(2) is used in Nf=12 fundamental SU(3) rep

- direct access to some effective anomalous dimension

- similar to tests of RG scaling laws of moments of correlator functions (in progress)



bulk transition? (Schroeder, Latt 2011)

02, V 124
51 01, V 16
we are here
Lt m
1/2
o our simulations here
1/4 ‘*\o\,_‘
1 / 8 Lr::;r:ediate
1.2 14 16 18 20 22 24 B
&
Deuzeman et al. new study

A. Hasenfratz et al. new study Our simulation are not effected



Polyakov loop scatter plot at finite temperatures

0.05 | ‘
N_=16 magenta
48°x N ! : g
R rune finite T transition at f=2.27

) NT=1O cyan

§ NT= 8 green

_S<>D NT= 6 red

S o

<

g

B —a— N, =8 -

—— Nt — 12 p=22
o — Ni =16 o e
0.05— ‘ ‘ w ‘ ‘ 0.02 Ni =24 =
e 0 0.02 0.04 006 008 0.1 —{ % = 32
Re(PolyakovLoop) —@— Ny = 96, =43

Thod. @ T i

§ 1.2 , ,
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S 000 Wiy 0 E=Xlade— o

~ m 0.025
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\Zj " - 1 b .........................................................

< 0 0.01 0.02

£ 02 =

[ I[EH 48°xN: sequence

Aut f

< 0 (Schroeder, Latt 2011)

= 770 004 008 012 016 0.2

1/N, + A(m)
Re P approaches zero at low temperature



zero temp confinement - running cou

.36

.34

.32

pling without IRFP ?

m --> 0 and a --> O limits?

finite volume effects?

useful to compare with other methods:

SF?
MCRG?

- two new methods we are developing:

current correlator moments and wilson flow

I T I T I I I T I T I T I T I I T I I T I T I I I T I T I T I T I T I T I
— 0.16 — -
— fit V(R) = V, + o/R + O*R —— 1-loop {
— 0.14 — 2-loop + I
— 3-loop F I I
— 0.12
~
<
- il 0.1
il -
SU(3) N_=12 fundamental _ ~ o0.08F
48°x96 B=2.2 m=0.01 q
— ~ 0.06—
V.= 0.3119(15) %
= S’
0 ° — 0.04 =
o = -0.485(6) > SU(3) N_=12 fundamental
G = 0.00253(8) . 0.02 48°x96 B=2.2 m=0.01
y}/dof = 17.1/18 i o
/A P S R R S S U SR SR B P 1 A EEI R I I R RN RN R B B
4 6 8 10 12 14 16 18 20 22 24 4 6 8 10 12 14 16 18 20 22 24
R R




x 10
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small chiral symmetry breaking condensate

(PWP) — cym — coam? plotted

(UW) = cg + ¢y -m + cg - m2(fitted)
c,= 0.00166 = 0.0003
c,= 13.377 = 0.041

C,= —7.47 1.3

B=2.2

@ 0)

——t—

»/dof= 0.71
m fit range: 0.01 - 0.0275

0.02 0.03

m

0.01

- two independent extrapolation
- condensate very small

0.04

x 107

<\II\II> — I Xcon — Clcon M — C2¢con N

2

- )(‘ij\:[l> — <\TI\I’> — M * Xcon =

dm,
COcon + Cicon -IM + C2con - m2 (ﬁtted)

(1 —m,

»/dof= 1.6

c = 0.00068 = 0.00051
Ocon

c = -0.046 = 0.07
1con

c = 56 £ 2.20
2con

2.2

¢ 0]

0 b

” )
m fit range: 0.01 — 0.0275 o

0.01 0.02 0.03

m

- would not be decisive without other tests

0.04



conformal scaling test with FSS
heavy use of RG theory

LM = f(x)+ L"g(x)

1/1
x=m' "TL

w = P (g*)



LM (L)

LM (L)

15

10

conformal scaling test with FSS - physical model fit

conformal FSS (Goldstone pion — PCAC channel)

_ -1/2 a
LMn(L)_c ) exp( C, X) X> X,

1 1

X+C _(c,*Xx
exp t

LM_(L)=c,

ym=1 +, C1’ Cexp

+c x“ X <X
o cut

, o, X 5 fit parameters
cut

- y=0.393 + 0.008 4
o=3.47 +0.26

x =2.05=+0.11
cut 2
5 x°/dof= 2.83
51 i
c,=4.326 = 0.068
O 20x40
c =0.189 24x48
o O  28x56
O 32x64
¢, = 6.69 o 40xB0
O 48x96
% 05 1 15 2 25 3
x=L m'_
conformal FSS  (cRho2 channel)
T T _1/2 T T
18} LMp(L):c1 X + cexp- (cn X) exp(—cJt x) forx> X ]
_ o
16k LMp(L)_c0 +C_X for x < Xt |
ym=1+y, C,; cexp, o X, 5 fit parameters
14 8
v=0.300 + 0.017
12 N
o=3.64+0.31
1ol X = 162=0.14 ]
2
sl x“/dof= 1.51 ]
61 c,=6.259+0.24 )
4 ¢ =043 O 20x40
a 24x48
c =777 O 28x56
2t 0 O  32x64
c =4.326 O 40x80
7T O 48x96
% 0.5 1 15 2 25

x=Lm"_

conformal FSS

(Fpi — PCAC channel)

251

1.5

LF (L)

_ (03
LFI[(L)_C0 +C_ X

ym=1+y, Coyr & C,,
v=0.214 + 0.016

o =0.852 + 0.027
Co= -0.196 = 0.03

C= 1.192 + 0.056

+?/dof= 14.3

4 fit parameters

O

Ooooo

20x40
24x48 ||
28x32
32x64
40x80
48x96

22

20

18

12

10

15

x=L m'_

conformal FSS

(cNucleon channel)

LM 112

nuc

(L)=c, x + cexp- (Cn X

1
_ o
LMnuc(L)_c0 +C_X

) (x" X
exp cut

ym=1 +y, C1, c
v=0.288 = 0.027
a=4.43 +0.38

X =1.64+0.12
cut

C,= 9.85 + 0.588

c =0.36
o

Cy= 13.2

c =4.326
T

X <X
cu

exp(—cTE X) X>X

cut

t

5 fit parameters

v2/dof= 1.45

O

Ooooo

20x40
24x48 |
28x56
32x64
40x80 | |
48x96

0.5 1

1.5 2

x=L m'_
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12

11

conformal scaling -

conformal FSS fit with spline based B-form (Goldstone pion)

spline fit with B—form using 3 internal knots .

6 cubic B-spline base functions matched in 4 intervals 1

y _=1+y held fixed in fit to B-form before determined from Xz(y) minimum
m

29 data points

- y=0.405 = 0.021 )
2
- % /dof=1.47 .
- fitQvalue = 0.067 .
- O 20x40 |
24x48
O 28x56
- O  32x64 4
O 40x80
O 48x96
0.5 1 1.5 2 25 3

X=LmY,

LF (L)

spline B-form fits

conformal FSS fit with spline based B—form (Fn in PCAC channel)

2

1.8

1.6

1.4

1.2

0.8

0.6

0.4

0.2

u spline fit with B—form using 3 internal knots .
- 29 data points .
B v=0.23 £ 0.02 ? .
2

5 x~/dof = 8.05 .
- O  20x40 |/

24x48

O  28x56
- O 32x64 |

O 40x80

0 48x96

1 1
0.5 1.5 25
x=LmY

is this glass half full or half empty?

can chiral symmetry breaking fake scaling form?



Deceptions of ySB FSS behavior:

7N\2
large volume squeezed wavefunction crossover to femto world T F (k ) :
hadrons point-like Vik)==——""— extended hadron with form factor
k 2 2
volume dep. ~ 1/L3 +m
#ﬁ‘ , hadron with form-factor
T exchange ~ exp(-mL) 107
* o} F(k) =
; 3 volume dep. ~ 1/L3 o 1 )
- +c-k
10’ 3
VE
10’1: N oy |"T:j
OF = ZV(ﬁL) hadrom self energy from interaction with images T t 1 5L 10 20
l w27 . LA : EX 14
OF = EZV(;@ T) Poisson resummation, V' (k) is the Fourier transform ‘23E1 ) - (D)
L | o 105_ L-1-exp(-mL) fit .
V(k)==; - = V()= °  for large r in point-like approximation - F (k ) - 72
k*+m r 08F 1+c-k
06f
o 04F
OE=V(0)+6V(L) OE= point-like interaction for large L (non-relativistic) 02 P o
5 10 15 20

Liischer made it relativistic using field theory

the size where the 1/L3 correction to the masses disappears and the exponential
behavior sets in depends on the behavior of the hadron form factor

Leutwyler put in the chiral vertices, hence the g(mL) form in chiral PT

the characteristic inverse power vs. exponential behavior can
frustrate at limited lattice sizes the analysis of chiral vs.
conformal hypotheses

the size where the 1/L3 correction to the masses disappears and the exponential
behavior sets in depends on the behavior of the hadron form factor



Nf=12 SU(3) fundamental rep summary:
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- At fixed coupling and very small fermion mass we see confining potential
and finite temp 4 SB transition

- The effective anomalous dimension Y is not consistent across channels
can be explaind by scaling violation effects or underestimated errors?



- We run in the weak coupling phase

- At fixed coupling and very small fermion mass we see confining potential
and finite temp 4 SB transition

- The effective anomalous dimension Y is not consistent across channels
can be explaind by scaling violation effects or underestimated errors?

- Running coupling methods like TPL and SF have problems to control
systematics
no comment on MCRG



- We run in the weak coupling phase

- At fixed coupling and very small fermion mass we see confining potential
and finite temp 4 SB transition

- The effective anomalous dimension Y is not consistent across channels
can be explaind by scaling violation effects or underestimated errors?

- Running coupling methods like TPL and SF have problems to control
systematics
no comment on MCRG

Running coupling problems in
TPL and SF schemes:



- We run in the weak coupling phase

- At fixed coupling and very small fermion mass we see confining potential
and finite temp 4 SB transition

- The effective anomalous dimension Y is not consistent across channels
can be explaind by scaling violation effects or underestimated errors?

- Running coupling methods like TPL and SF have problems to control
systematics

no comment on MCRG
Continuum extrapolation
on TPL scheme

Running coupling problems in B(2(L), L/a; 5)

TPL and SF schemes: e G
et w275 A1 ] va=8 > va=12
28r L/a=10 -> L/a=15
2,75 b T L/a=12 -> L/a=18

2,65 F

) 1 12 loop prediction

ol 1} ' in this region is
2.55 | A |
2sp | 7 | |o(u=2.48) ~2.54

2,45 /p

2.4

0 0,002 0,004 0,006 0,008 0,01 0,012 0,014 (CL/L)2

The systematic error is small in the strong coupling region.



- We run in the weak coupling phase

- At fixed coupling and very small fermion mass we see confining potential
and finite temp 4 SB transition

- The effective anomalous dimension Y is not consistent across channels
can be explaind by scaling violation effects or underestimated errors?

- Running coupling methods like TPL and SF have problems to control
systematics

no comment on MCRG
Continuum extrapolation

on TPL scheme

Running coupling problems in B(2(L), L/a; 5)

TPL and SF schemes: e G
et w275 A1 ] va=8 > va=12
28r L/a=10 -> L/a=15
2,75 b T L/a=12 -> L/a=18

2,65 F

2 loop prediction
in this region is
o(u = 2.48) ~ 2.54

2,86

2,55 F

2,5 F

2,45

2.4

0 0,002 0,004 0,006 0,008 0,01 0,012 0,014 (CL/L)2

The systematic error is small in the strong coupling region.



- We run in the weak coupling phase

- At fixed coupling and very small fermion mass we see confining potential
and finite temp 4 SB transition

- The effective anomalous dimension Y is not consistent across channels
can be explaind by scaling violation effects or underestimated errors?

- Running coupling methods like TPL and SF have problems to control
systematics

no comment on MCRG
Continuum extrapolation

on TPL scheme

Running coupling problems in B(2(0). 1/c; 5)
TPL and SF schemes: I e ——— = lentmasin

5,65 _inpuipul;rji;g . ) 1 a=6"=>'/a=9

| 1 a=8 ->L/a=12
’ E/a=lhGResEl-/a=15
B e A E e e

2,79 F

2,7 F

2,65 2 loop prediction

in this region is
o(u = 2.48) ~ 2.54

2,6

2,55 F

2,5 F

2,45

2.4

0 0,002 0,004 0,006 0,008 0,01 0,012 0,014 (CL/L)2

The systematic error is small in the strong coupling region.



- We run in the weak coupling phase

- At fixed coupling and very small fermion mass we see confining potential
and finite temp 4 SB transition

- The effective anomalous dimension Y is not consistent across channels
can be explaind by scaling violation effects or underestimated errors?

- Running coupling methods like TPL and SF have problems to control
systematics
no comment on MCRG

- We are working on two new running coupling methods with massless fermions
using moments of current correlators and wilson flows both are g(L)

- Difficult decision on the Nf=12 model: we would probably prefer to
put all the resources into the sextet model without the community

controversies at Nf=12

- But sextet project benefitted directly from what we have learned from Nf=12



backup slides



conformal scaling and scaling violations

if model had conformal IRFP

two interchangeable RT descriptions?

continuum mass deformed conformal theory is on RT coming
out of IRFP

| worked out as an example all the details of 3D scalar theory

m (fermion (Ising model) with IRFP

\4

RT mass deformed textbook material

Del Debbio and collaborators
early conform apps

free energy on RT:

RG scaling of 2-point function:

— —d Al Y2
f(ul,uz,...)—g(ul,uz,...) + b fg(b ul’b I/tz...) G(Z)(I’,m,uz,...)=b_sz(l’/b,by’”m,byzuz,...)

analytic singular from G (r,m,u,,...)~ e ™ asymptotics with M ~ m'"» scaling follows

y1 > 0 only relevant exponent in our case leading correction to the scaling term should be ~ m® where @ = ’(g")

U1 =t~midentified, y1=ym in Technicolor notation analysis would change with second relevant operator at IRFP!

y2 controls scaling violations, leading correction term

analytic function which can have terms like ~mk are typically sub-leading - analytic terms exists, but no reason to be leading conformal

scaling correction

Fisher and Brezin worked out most of what we know!

- correlators of composite operators require inhomogeneous RG!
similarly, in conformal finite size scaling analysis:

E/L=f(x)+L°f(x) with x=Lm'"» ——>  This directly transcribes to hadron masses and F,

correlation length measured in L units finite size scaling correction terms require
very accurate data



Strategy I: L=co extrapolation first and then scaling test in m

Chiral hypothesis

chiral logs not reached yet!
(N+=8, or Nr=12) Nf=2 sextet easier reach

(M; Into = (M; )o t (SM; )i-toop + (5M; )2t (SM; )2 T (5M73 )4

2 2 4
~m ~am ~d

2 _ 2 kept cutoff termin B see LO a? term
(M:),, =2B-m+a A,

would require more data

(6M7§ )l—loop = [(M; )LO + a2 ]2 ln(Mi )LO

T

2 2
M: = cim + c,m + lOgS fitted function for all Goldstones

Mnuc =C,tcm + logs nucleon states, rho, al, higgs, ...

(F),, =F, (0F, )1—loop = [(M; o+ az]ln(M; Do

chiral log regime was not reached in fermion mass range

(0F,) ., ~m, (OF,), = a’

kept cutoff term in F

F, =F +cm+]logs

fitted function

(W) = <1//1//>0 +cm+ czm2+logs chiral condensate

(in)complete analysis on both sides =~ Conformal hypothesis

M_=c.-m", y =1+y

leading conformal scaling
functional form for all hadron masses

Fn:CF'ml/ym’ ym:1+y

same critical exponent

<W> =c. -mVn 4 c,m Del Debbio and Zwicky
%

Asymptotic infinite volume limit has not been reached
yet in important candidate models for conformal window

infinite volume conformal scaling violation analysis ?

conformal finite size scaling analysis and its scaling
violations ?






